Streptococcus agalactiae (group B Streptococcus [GBS]) is a Gram-positive bacterium that colonizes the cervicovaginal tract in approximately 25% of healthy women. Although colonization is asymptomatic, GBS can be vertically transmitted to newborns peripartum, causing severe disease such as pneumonia and meningitis. Current prophylaxis, consisting of late gestation screening and intrapartum antibiotics, has failed to completely prevent transmission, and GBS remains a leading cause of neonatal sepsis and meningitis in the United States. Lack of an effective vaccine and emerging antibiotic resistance necessitate exploring novel therapeutic strategies. We have employed a host-directed immunomodulatory therapy using a novel peptide, known as EP67, derived from the C-terminal region of human complement component C5a. Previously, we have demonstrated in vivo that EP67 engagement of the C5a receptor (CD88) effectively limits staphylococcal infection by promoting cytokine release and neutrophil infiltration. Here, using our established mouse model of GBS vaginal colonization, we observed that EP67 treatment results in rapid clearance of GBS from the murine vagina. However, this was not dependent on functional neutrophil recruitment or CD88 signaling, as EP67 treatment reduced the vaginal bacterial load in mice lacking CD88 or the major neutrophil receptor CXCr2. Interestingly, we found that EP67 inhibits GBS growth in vitro and in vivo and that antibacterial activity was specific to Streptococcus species. Our work establishes that EP67-mediated clearance of GBS is likely due to direct bacterial killing rather than to enhanced immune stimulation. We conclude that EP67 may have potential as a therapeutic to control GBS vaginal colonization.
S treptococcus agalactiae (group B Streptococcus [GBS]
) is currently a leading pathogen responsible for early-onset neonatal sepsis in the United States (1) . However, GBS predominantly exists as a commensal colonizer of the lower gastrointestinal and vaginal tract of approximately 25% of healthy adults (2) . Neonatal exposure to this pathobiont occurs in utero or peripartum through contact with vaginal fluids (3) . More recently, several clinical cases have suggested that transmission also occurs postpartum through consumption of breast milk (4) . Early-onset septicemia typically results in pneumonia and respiratory failure, and the late-onset form, occurring up to 7 months after birth, presents with bacteremia and meningitis (3) . Current guidelines by the Centers for Disease Control include intrapartum antibiotic prophylaxis (IAP) administered to mothers who are GBS positive based on rectovaginal cultures at 35 to 37 weeks gestation. While IAP has reduced the incidence of early-onset infections by 80%, the late-onset incidence has remained unaffected (1) and adult GBS infections are on the rise (5) . Lack of an effective vaccine for GBS and emerging antibiotic resistance impel development of novel treatment strategies to control GBS vaginal colonization and abrogate transmission to the vulnerable newborn.
One promising strategy is to exploit or modulate the innate immune system to enhance the host's ability to combat microbial infection while limiting inflammation-induced tissue injury. Accordingly, we have engineered a conformationally biased, response-selective analogue of the biologically active C-terminal region of the human complement component C5a [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] (6) . This analogue, termed EP67, has the sequence Tyr-Ser-Phe-Lys-AspMet-Pro-(N-methylLeu)-D-Ala-Arg, or YSFKDMP(MeL)aR, and was designed to bind C5a receptors (CD88) on antigen-presenting cells (APCs) such as macrophages but to limit inflammatory properties by not engaging C5aRs on polymorphonuclear cells (PMNs) (6, 7) . EP67 has shown adjuvant potential in vaccine designs against ovalbumin (6) and Coccidioides (8) by enhancing activation of a T H 1 response via engagement of C5aR-bearing APCs. Additionally, our previous work has demonstrated that prophylactic EP67 treatment limited infection with community-acquired methicillin-resistant Staphylococcus aureus (CA-MRSA) in a mouse model of dermonecrosis where we observed that EP67 treatment reduced skin lesion size, an effect dependent on both PMN recruitment and signaling through CD88 (9) . EP67 has also been shown to lessen MRSA biofilm infection (10) .
Considering these previous results, we hypothesized that EP67 may similarly exhibit immunostimulatory properties through enhancing innate immune signaling pathways to prevent GBS colonization. In this study, we demonstrated that EP67 treatment promotes rapid clearance of GBS using a murine model of vaginal colonization. In contrast to our studies with staphylococcal infec-tions, however, this effect is largely independent of the presence of neutrophil receptor CXCr2 and CD88 signaling. Interestingly, in vitro assays reveal that EP67 possesses bactericidal activity against GBS and other Streptococcus species. Our results indicate that EP67 exhibits protective activity against GBS infection and colonization primarily through targeted bacterial killing rather than through immune stimulation.
MATERIALS AND METHODS
Peptide synthesis and preparation. EP67 [YSFKDMP(MeL)aR] and an inactive scrambled sequence, sEP67 [(MeL)RMYKPaFDS], were generated by solid-phase methods using the Fmoc method of orthogonal synthesis, purified by analytical and preparative reverse-phase high-performance liquid chromatography (HPLC), and characterized by electrospray mass spectrometry according to previously published methods (11) . For in vitro and in vivo assays, peptides were suspended in 1ϫ phosphatebuffered saline (PBS) (CellGrow) at given concentrations.
Bacterial strains and growth conditions. Streptococcus agalactiae clinical isolates A909 (serotype Ia) (12) , 515 (serotype Ia) (13), NCTC 10/84 (1169-NT1; ATCC 49447) (serotype V) (14) , and COH1 (serotype III) (15) In vivo model of GBS vaginal colonization. Female CD1, BALB/c, CXCr2 KO, and CD88 KO mice were used for colonization assays adapted from previous work (21, 22) . To synchronize estrus and promote bacterial colonization (23, 24) , mice were injected intraperitoneally (i.p.) with 0.5 mg 17␤-estradiol suspended in sesame oil (Sigma) 24 to 72 h prior to inoculation. Mice were inoculated with 1 ϫ 10 7 CFU (in 10 l PBS) GBS A909 in the vaginal lumen. Immediately prior to inoculation, vaginal lavage was performed by pipetting 20 l of PBS several times in the vaginal lumen to collect cells and cytokines as described elsewhere (25, 26) . Bacterial load was determined by swabbing the vaginal lumen with ultrafine calcium alginate-tipped swabs and serial dilution plating of swab samples. GBS and native Enterococcus strains were identified by the presence of mauve-and blue-pigmented colonies, respectively, on CHROMagar Strep B agar (DRG International Inc.) (27) . GBS was allowed to colonize for at least 24 h prior to peptide dosage. After colonization was established, 250 g (in 12.5 l PBS) of EP67 or sEP67 was administered into the vaginal lumen every 24 h after first collecting lavage fluid and swab samples. Enzyme-linked immunosorbent assays (ELISAs) were performed on vaginal lavage fluid for MIP-2 and KC (R&D Systems) as described by the manufacturer.
In vivo model of GBS peritoneal infection. Female BALB/c, CXCr2 KO, and CD88 KO mice were used for peritoneal infection assays adapted from previous work (28) . Mice were injected i.p. with 1 ϫ 10 7 CFU GBS A909 suspended in 100 l PBS or with 100 l PBS only for uninfected controls. Immediately following infection, 750 g of EP67 or sEP67, or an equivalent volume of PBS (100 l) for uninfected controls, was injected i.p. After a 2-h incubation, all the mice were euthanized by CO 2 asphyxiation and peritoneal cavities subjected to lavage with 5 ml PBS. To quantity the percentage of the original inoculum recovered, lavage fluid was serially diluted and plated on THB agar to enumerate viable bacteria. Additionally, total leukocytes present in lavage fluid were quantified using a hemocytometer loaded with 10 l of unstained lavage fluid.
Flow cytometry. Vaginal lavage fluid from BALB/c and CD88 KO mice and peritoneal lavage fluid from BALB/c mice were subjected to flow cytometry to identify specific immune cell populations present. Cells from lavage fluid were incubated for 30 min in RPMI medium containing 30% serum (mouse and fetal bovine serum [FBS] ) to block nonspecific binding. Samples were stained with fluorochrome-conjugated antibodies specific for CD11b-AlexaFluor647, CD11c-phycoerithrin (PE) Cy7, and NK1.1-PE (eBioscience) as well as antibodies specific for Ly6G-fluorescein isothiocyanate (FITC) and B220-PE (BD Biosciences). Neutrophils were identified as small cells, by forward scatter analysis, and were Ly6G ϩ
CD11b
ϩ . Macrophages were identified as large cells that were CD11c ϩ CD11b ϩ and Ly6G Ϫ B220 Ϫ . Dendritic cells were determined by being highly CD11c ϩ and B220 Ϫ . Natural killer cells were determined to be small cells that were Ly6G
Ϫ and NK1.1 ϩ CD11c ϩ . Samples were analyzed with an Accuri C6 cytometer (BD Biosciences), with 20,000 events recorded per sample. Due to the presence of cell debris and large cells in vaginal samples, immune cell populations were determined from a population gated for cell size. Cell populations were assessed for percentages of fluorescent staining and staining brightness using Accuri analysis software.
Antimicrobial assays. MICs were determined during aerobic growth in a 96-well plate format as described previously (29) with several modifications. Briefly, bacterial strains were grown to mid-exponential phase (approximately 1 ϫ 10 8 CFU/ml). The cultures were diluted 1:100, and 140 l was added to each well. A 10-l volume of EP67 or sEP67 was added to each well in 2-fold increment concentrations of from 0 to 403.2 M (500 g/ml). Bacterial growth was measured by optical density at 600 nm (OD 600 ) after a 24-h incubation at 37°C. The MIC was expressed as the lowest concentration of peptide that inhibited microbial growth completely. Assays were performed in triplicate and were repeated at least 3 times. Minimum bactericidal concentrations (MBC) were determined by subculturing bacteria from wells onto an agar plate using a 48-prong replicator. MBC was determined by the lowest peptide concentration exhibiting no visible growth on the agar. Kinetic killing assays were performed as described above for MIC assays with the following modifications: mid-exponential-phase cultures were diluted 1:100, and 1.4 ml was combined with 100 l of 201.6 M (250 g/ml) EP67 or sEP67 and incubated at 37°C. Samples were collected at the indicated time points and plated on THB agar to determine viable CFU.
Live/Dead bacterial viability stain. GBS viability during EP67 treatment was determined using a Live/Dead BacLight bacterial viability kit (Molecular Probes, Inc.) per the manufacturer's directions with several modifications. Briefly, mid-exponential-phase GBS cultures were diluted 1:100, and 1.4 ml was combined with 250 g EP67 or sEP67 or an equivalent volume of PBS (100 l) and incubated for 2, 5, or 24 h at 37°C. Bacteria were pelleted and resuspended in 100 l of diluted THB (equal parts THB and 0.85% NaCl), 0.25 l of Syto 9, and 0.25 l of propidium iodide. Suspensions were incubated in the dark at room temperature for 15 min, and 10 l was wet mounted onto slides. Fluorescent images were collected at ϫ1,000 magnification (Zeiss Axio Observer D1 with an attached Zeiss MRc camera). Green and red channel images were merged using AxioVision software (Zeiss).
Statistical analyses. GraphPad Prism version 5.0f was used for statistical analyses. Differences in in vivo peritoneal assays, including determi-nations of recovered CFU, total leukocyte counts, and flow cytometry cell populations, were calculated using unpaired Student's t test analysis or one-way analysis of variance (ANOVA) with Tukey's multiple-comparisons test. Differences in bacterial persistence in mouse vaginal experiments were calculated using log-rank (Mantel-Cox) or Mann-Whitney tests. Differences in cytokine levels from vaginal lavage fluid were calculated using two-way ANOVA with a Bonferroni posttest. Statistical significance was determined at a P Ͻ 0.05.
RESULTS

EP67 treatment promotes rapid GBS clearance from the murine vaginal tract.
Previous work has demonstrated that EP67 is protective in reducing CA-MRSA dermal infection (9) and promoting survival of lethal infection with influenza A virus (30) . To determine if EP67 has similar protective activity during GBS colonization, we used our established GBS vaginal colonization mouse model (22) . Briefly, we treated 8-week-old CD1 mice with 17␤-estradiol 1 day prior to bacterial inoculation to promote successful colonization. We inserted 1 ϫ 10 7 CFU GBS into the vagina and, 24 h postinoculation, began administering EP67 or the inactive scrambled control, sEP67, into the vaginal lumen. On successive days, the vaginal lumen was first swabbed to determine changes in bacterial load over time and then dosed with either EP67 or sEP67. Consistent with other infection models, EP67 treatment significantly decreased GBS persistence over the 5-day regimen compared to treatment with sEP67 (P ϭ 0.0124) (Fig. 1) . Moreover, we observed this same significant effect with another GBS clinical isolate, COH1 (data not shown).
EP67-mediated reduction of vaginal GBS does not require neutrophil recruitment or C5a signaling. In work using EP67 to control CA-MRSA, neutrophils were found to be the key responders limiting dermonecrosis (9) . We have also shown that neutrophil antimicrobial activity corresponds with GBS clearance from the murine vaginal tract early on during colonization (22) . Therefore, we examined the requirement for neutrophil signaling and recruitment during EP67-mediated clearance of GBS in the vaginal tract. Murine chemokine MIP-2 (CXCL2) is a homologue of human CXCL8 (interleukin-8 [IL-8]) and engages CXCr2 (IL-8
In vivo experiments were conducted independently at least three times, and data from one representative experiment are shown. EP67 significantly decreased GBS persistence compared to sEP67 (P ϭ 0.0124) as calculated using a log rank test. receptor homologue) on neutrophils, recruiting them to the site of chemokine production (31) . Prior work has shown limited neutrophil recruitment in CXCr2 KO mice during several states of pathogenesis, including Escherichia coli urinary tract infection (32), pneumonic plague (33) , and Streptococcus pneumoniae-induced pulmonary infection (34) . Consequently, we examined the effect of impaired neutrophil recruitment on EP67 activity during GBS vaginal colonization using CXCr2 KO mice. As seen in CD1 mice (Fig. 1) , treatment with EP67 enhanced GBS vaginal clearance in BALB/c mice compared to treatment with sEP67 ( Fig. 2A  and C) . Surprisingly, we also observed that EP67 significantly accelerated GBS clearance in CXCr2 KO mice (P ϭ 0.0033) (Fig. 2B  and C) . Furthermore, at 9 days postinoculation, although MIP-2 levels were fluctuating as expected during the estrous cycle (25) in both BALB/c and CXCr2 KO mice, there were no significant differences observed between groups (Fig. 2D) . These results suggest that EP67-mediated GBS reduction in the vagina is occurring independently of neutrophil recruitment through the CXCL2 receptor.
EP67 interacts with C5aR (CD88), resulting in proinflammatory signaling cascades from cells such as splenic antigen-presenting cells (6) with subsequent recruitment of neutrophils, natural killer (NK) cells, and dendritic cells (DCs) (9, 30) . To investigate if CD88 signaling contributes to the EP67-mediated GBS vaginal reduction in vivo, we utilized CD88 KO mice. As seen previously (Fig. 2) , EP67 treatment significantly accelerated GBS vaginal clearance in BALB/c mice by day 3 posttreatment compared to the sEP67 control (P ϭ 0.0404) (Fig. 3A and C) . We also observed reduced GBS vaginal persistence in CD88 KO mice treated with EP67 compared to sEP67, but this difference was not significant (P ϭ 0.1163) (Fig. 3B and C) . This suggests that CD88 signaling may contribute in part to EP67 action. However, analysis of vaginal lavage fluid from both wild-type (WT) and CD88 KO mice colonized with GBS and treated with either EP67 or sEP67 revealed no differences in Ly6G ϩ CD11b ϩ cell populations (Fig. 3D ) or total CD11b ϩ leukocyte populations (data not shown). These data are consistent with our results described above demonstrating that increased immune signaling is likely not responsible for the observed reduction of bacterial colonization during EP67 treatment.
EP67 exhibits direct antibacterial activity. Since our results thus far suggested that certain immune signaling pathways are not critical for EP67 action, we sought to determine if EP67 exhibited direct antimicrobial activity against GBS. We assessed bacterial growth in the presence of EP67 and observed dramatic growth inhibition of GBS strain A909 (MIC Ͼ 100 M), while treatment with sEP67 resulted in no inhibition (Fig. 4A) . We also observed that EP67 was bactericidal at concentrations greater than 100 M, whereas sEP67 was not bactericidal at any concentration tested, as determined by MBC assays (data not shown). Other GBS clinical isolates (COH1, NCTC 10/84, and 515) were similarly inhibited (Table 1 ). Additionally, we tested other Streptococcus species and observed growth inhibition in the presence of EP67 (Table 1) . However, EP67 did not inhibit growth of other Gram-positive bacteria, including Staphylococcus, Ruminococcus, and Enterococcus, or of Gram-negative bacteria such as Salmonella and Proteus (Table 1) .
To evaluate the killing kinetics of EP67 activity against GBS, bacterial survival was assessed over time in the presence of EP67 or sEP67. Our results demonstrated that approximately 95% of both the A909 and COH1 strains were killed by EP67 within 3 h, whereas sEP67 did not inhibit growth of either GBS strain (Fig. 4B) . To visu- ally confirm the ability of EP67 to directly kill GBS, we performed a two-color fluorescence assay of bacterial viability. This assay labels all bacteria with a green fluorescent nucleic acid stain (Syto 9) and selectively stains bacteria with permeable membranes using a red fluorescent nucleic acid (propidium iodide). Previous work has established that combining these two dyes at equal ratios can detect membrane damage, as demonstrated by decreased Syto 9 fluorescence and increased propidium iodide uptake in permeable cells (35, 36) . We incubated GBS with EP67, sEP67, or PBS and at multiple time points conducted fluorescent staining. Microscopic analysis revealed that by 2 h post-EP67 exposure, the majority of bacteria were red, indicating membrane permeability (Fig. 4C) . As expected, minimal numbers of cells showed membrane permeability with sEP67 or PBS treatment (Fig. 4C) . These results further confirm that EP67 treatment results in compromised membrane integrity and corresponding cell death. EP67 treatment reduces GBS bacterial survival in vivo. Because EP67 promoted GBS clearance in the vaginal tract amid native flora and estrous cycle influences and in vitro assays displayed direct killing capability, we sought to examine this peptidemicrobe interaction in a more controlled in vivo environment. We selected a mouse model of intraperitoneal (i.p.) infection adapted from previous work (28) . Immediately following GBS A909 peritoneal infection, BALB/c mice were injected i.p. with EP67, sEP67, or PBS for uninfected controls. After 2 h of incubation, mice were sacrificed, the peritoneal cavity was subjected to lavage, and bacterial survival was assessed via enumeration of recovered GBS CFU. Viable GBS load was significantly reduced in animals treated with EP67 compared to sEP67 (P ϭ 0.0003) (Fig. 5A) . We quantified and identified innate immune cells in peritoneal lavage fluid of EP67 and sEP67 2 h postinfection with GBS using flow cytometry and antibodies to distinguish neutrophils, macrophages, dendritic cells (DC), and natural killer (NK) cells. Macrophages, DCs, and NK cells were rare and did not differ in numbers between treatment groups (Fig. 5B and data not shown) . Neutrophils were the predominant innate immune cell present, with infected mice having significantly more neutrophils than uninfected controls (P ϭ 0.0043) (Fig. 5B) . Interestingly, neutrophil levels in the peritoneal cavity did not differ between EP67-and sEP67-treated mice at this early 2-h time point (Fig. 5B) . Thus, these results that sug- gest EP67-mediated GBS reduction may be due to direct antibacterial killing instead of immune activation. We further performed peritoneal infection in both CXCr2 and CD88 KO mice. Interestingly, we found that EP67 treatment significantly reduced bacterial load compared to sEP67 treatment in the peritoneal cavity of BALB/c (P ϭ 0.0039), CXCr2 KO (P ϭ 0.0023), and CD88 KO (P ϭ 0.0440) mice (Fig. 5C) . Additionally, we quantified total leukocytes present in the peritoneal cavity and observed no differences between treatment groups or mouse strains (data not shown). These data align with results seen in our vaginal model (Fig. 2 and 3 ) and suggest that EP67 activity reduces GBS bacterial load independent of immune activation.
DISCUSSION
GBS is a leading cause in neonatal bacterial meningitis and sepsis, and current prophylaxis, although dramatically reducing earlyonset incidence rates, is insufficient for controlling GBS transmission and infection. Despite such intervention, early-onset GBS infection in the United States remains at 1 in 3,000 live births, corresponding to approximately 1,200 infected infants per year (1) . Thus, the development of novel therapeutics and improvement of risk factor assessments and treatment strategies are needed. Through our in vivo mouse vaginal colonization model and subsequent in vitro assays, we have identified a response-selective, conformationally biased C5a agonist, EP67, as a potential candidate for controlling GBS vaginal colonization. The effect of EP67 was independent of anticipated immune signaling and indicated direct killing as the main mechanism of action.
Using our murine model, we have observed GBS persistence in CD1, C57BL/6, and FVB mice for several weeks and in BALB/c mice for several months (22) (37) (38) (39) . Within the mouse vaginal tract, innate immune cell populations are tightly regulated by the estrous cycle, and steroid hormones directly or indirectly steer immune cell recruitment and activation (40) . CXCr2 functions as the predominant receptor for both KC (CXCL1) and MIP-2 (CXCL2), and previous work has shown that MIP-2 binds to CXCr2 with higher affinity than KC (41) . In our murine vaginal model, we observed similar levels of MIP-2 and KC in wild-type and CXCr2 KO strains, suggesting that neither chemokine production nor neutrophil recruitment accounts for GBS reduction mediated by EP67. Although CXCr2 deficiency delays neutrophil recruitment, there are alternative pathways to recruit neutrophils, including CC chemokines and complement component C5a, and these pathways are independent of CXCr2 (41) . Even so, we did not observe differences in vaginal leukocyte populations between EP67 and sEP67 groups.
Because previous work has shown that EP67 activates both neutrophil recruitment (9) and T H 1 immune activation (6) through C5aR (CD88), we investigated the role of CD88 signaling during EP67 treatment. Human vaginal epithelial cells (HVECs) possess C5aRs, as measured by microarray; however, in vitro exposure of HVECs to GBS minimally alters C5aR expression, as measured by microarray (22) . Moreover, the murine C5aR1 (NM_007577; probe identification [ID] no. 101728) has been determined to be present in vaginal tissue (42) . Given the presence of this receptor, it is possible that EP67 engages C5aR on the epithelium, and yet we still observed reduction of GBS in CD88 KO mice treated with EP67. Of note, GBS possesses a C5a peptidase (SCPB) which cleaves human C5a or C5a desarg between the His and the Lys at amino acid positions 67 and 68 very near the C terminus (43) . However, SCPB has been shown to have little protease activity with rodent C5a, even though there is high homology (43) . EP67 is a peptide with only 10 residues that lacks this His-Lys bond, making sensitivity to the GBS SCPB highly unlikely. Further, using subtractive electrospray (ES) mass spectrometry, we observed no 7 CFU GBS was injected into the peritoneal cavity of 20-week-old BALB/c mice (n ϭ 5 per group). Immediately following GBS injection, mice were treated with EP67 or sEP67 in the peritoneal cavity. Peritoneal lavage fluid was conducted 2 h posttreatment, and GBS survival was quantified. Peritoneal infection was conducted independently at least twice, and data from one representative experiment are shown. (B) Lavage fluid samples from the mice described in the panel A legend were analyzed for neutrophil (Ly6G ϩ CD11b ϩ ), macrophage (B220 Ϫ CD11c ϩ ), and dendritic cell (B220 Ϫ CD11c ϩ , B220 Ϫ CD11c ϩ CD11b ϩ ) infiltration by flow cytometry. Data are expressed as percentages of 20,000 cells analyzed per sample. (C) Peritoneal infection and peptide treatment were performed as in described in the panel A legend using 8-to 16-week-old BALB/c (n ϭ 5 to 8 per group), CXCr2 KO (n ϭ 4 to 8 per group), and CD88 KO (n ϭ 7 per group) mice. Bacterial CFU were recovered from peritoneal lavage fluid 2 h posttreatment. Data were analyzed by the use of an unpaired Student's t test. *, P Ͻ 0.05; **, P Ͻ 0.005; ***, P Ͻ 0.001. proteolytic cleavage of EP67 following exposure to GBS (unpublished data).
Because EP67-mediated clearance of GBS from the vaginal tract did not appear to require immunostimulatory properties, we investigated if EP67 was alternatively acting as an antimicrobial peptide (AMP) due to its similarity to members of the complement system. Aside from the well-known complement cascade involving proteins C1 to C9, C5a functions as a powerful anaphylatoxin and inflammatory mediator, causing leukocyte chemotaxis, production of cytokines, and vascular permeability (44) . Furthermore, recent work demonstrated that another complement component, C3a, exhibits direct antimicrobial activity by inducing breaks in bacterial membranes (45) . Many AMPs are cationic, which permits binding to negatively charged microbial surfaces (2) . EP67 is also slightly positively charged (ϩ1), which may promote initial contact with GBS cell wall and/or membrane surfaces.
Our in vitro assays indicate that EP67 is bactericidal to GBS and other Streptococcus species. Although not as potent as endogenous C3a and C3a-derived peptides, which kill E. faecalis and S. pyogenes at concentrations of Ͻ10 M (45), or as the AMP LL-37 that kills GBS at concentrations of Ͻ16 M (46), EP67 differentially targets GBS in vivo without inhibiting or altering native murine vaginal flora (Table 1 ; see also Fig. S1 in the supplemental material). AMPs that directly target bacterial membranes, such as LL-37 or its derivatives, can permeate Gram-positive and Gramnegative membranes within a matter of minutes (47) . In contrast, EP67 initiates a microbicidal effect that leads to GBS cell death and membrane damage over a longer time period, suggesting the possibility of its interaction with an internal target(s) to exert its antimicrobial effect. Combining our in vivo and in vitro work, we proposed EP67-mediated direct killing of GBS in a clinically relevant model of GBS vaginal colonization. Although future work must continue to characterize the mechanism of action, here we reveal that EP67 contains unique properties as a potential therapeutic to control GBS colonization and infection.
